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Abstract
Literature has not yet seen a contribution involving the description of
successional patterns of mosquitoes (Diptera: Culicidae) inhabiting discarded
automobile tires in sylvan areas nor an investigation into the macro- and microenvironmental factors that may influence the seasonal shifts in species composition and
abundance in that respective habitat. Waste tires in undeveloped forests are a hazard to
human and animal health because they can support a population of vector mosquitoes.
Locating productive waste tire mosquito habitats is problematic in wooded areas but is
crucial for diminishing pathogen transfer in areas where humans have regular access to
forests because of possible zoonotic disease transmission.
The intentions of this study were 1) to describe the ecological succession
patterns of mosquitoes in waste tires in a subtropical wetland and upland forest and 2)
to create a database on which regressive geo-spatiotemporal models locating
unidentified productive waste tires in sylvan zones can be built.
The entomological research conducted here did not confirm the hypothesis that
Aedes albopictus (Skuse) would be the dominant species in all the tires at all the study
sites. There appeared to be seasonal trends in mosquito production despite the general
constant warmth and rainfall levels year-round in subtropical Tampa, Florida. However,
the findings of this research indicates that climatic conditions alone do not sufficiently
explain spatiotemporal variation in mosquito populations. Rather, the effects of weather
are heterogeneous at the microcosmic level, which has a more direct impact on
v

ecological interactions between the different species found here and their abiotic
environment.
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Chapter One:
Introduction

Hillsborough County, Florida has recorded anthropogenic cases of indigenouslyacquired West Nile virus, Eastern equine encephalitis, and La Crosse encephalitis in the
past 7 years.1 These viruses all require animal amplification hosts before transferring to
mosquito vectors then humans, which complicates disease control efforts because viral
transfer between mosquitoes and wildlife must now be minimized in addition to reducing
human contact with mosquitoes. Thus, vector control must be extended beyond urban
zones into forested areas to which humans have regular access. Vector control must be
informed on mosquito bionomics in relation to the local landscape for it to be effective in
reducing disease transmission. However, little is known about the seasonal population
shifts in abundance and diversity of the local mosquito fauna in the forested areas of
Hillsborough County.
Many mosquito species that inhabit treeholes will find discarded vehicle tires an
ideal supplement to their natural oviposition sites.2, 3 Wetlands provide environmental
benefits to humans and animals, but can serve as suitable proliferation sites for many
mosquito species.4 Therefore, waste tires abandoned in freshwater wetland forests
(hereafter referred to as “swamps”) may be a hazard to human and animal health
because they can support a vector population. Little research has investigated the
species composition and abundance of mosquitoes that inhabit tires discarded in
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subtropical swamps, despite the fact that tires imported from tropical and subtropical
Southeast Asia have been responsible for introducing exotic mosquito species into the
United States since the 1940s.2 Moreover, the heterogeneity of mosquito biology
complicates efforts to understand local mosquito population dynamics because a
possible study site may not yield an accurate representation of the species that live
there. Thus, locating productive mosquito habitats is challenging in sylvan settings but
critical in areas where humans and animals have regular access to forests since
zoonotic disease transmission is possible. Therefore, a multivariate statistical approach
that relates environmental parameters to mosquito communities within tires would help
delineate which forested regions near humans necessitate greater vector control.
The objectives of this study were 1) to describe the geo-spatiotemporal
ecological succession patterns of the mosquito population that inhabit waste tires within
a central west Florida subtropical wetland swamp and upland forest, and 2) to create a
database containing count data, weather information, and tire-habitat parameter records
for each collection event during this one-year study. This information can provide the
biophysical basis on which parsimonious, cartographic, interpolative, remote sensing
models can be created, which will facilitate the identification of productive waste tire
habitats in wooded areas.

Literature Review
Succession is defined as the systematic, predictable change in an ecological
system’s flora and fauna that culminates in a stabilized ecosystem that has maximum
protection against perturbations.5, 6 However, succession is not a unidirectional process
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from a “simple” ecosystem to a “sophisticated” one. Rather, it includes complex
interactions that may counteract each other.6 An improperly disposed vehicle tire can be
seen as a vacant “island” for container-dwelling mosquitoes to colonize. Any modified
system leading to the struggle for existence will cause a successional series. 7 In this
case, botanic and soil detritus inputs can enter the tire externally via wind or waterdispersal and incipient mosquito settlers originate from “mainland” habitats—natural
treeholes neighboring the tires. Therefore, larger tires located near treeholes can be
expected to support a richer ensemble of culicid species than can more remote tires.8
Furthermore, permanent flora cannot establish within waste tires. Thus, the productivity
of mosquitoes inhabiting waste tires in swamps and upland forests can be expected to
be in continual flux as a result of constant disturbances triggered by nutrient fluctuations
induced by inbound stem flow, flushing, and consumption.9
There is no published research set in North America pertaining to the mosquito
species succession and factors influencing the population dynamics. The majority of
published works studied that process in relation to African rice agroecosystems,
accentuating anopheline mosquitoes incriminated in malaria transmission. Most found
that the mean number of larvae collected rose after rice transplanting, in response to
growing rice height and rising water depth in inundated rice fields, then waned after
harvest as rice height reached its maximum.10, 11 The abundance of Culex
quinquefasciatus Say mosquitoes found in Kenyan rice plots was negatively associated
with water depth, dissolved oxygen, number of rice tillers, and rice height while
positively associated with turbidity.11 Conversely, larval Anopheles abundance was best
predicted by water turbidity and depth.10, 12 A 3-year study completed in Taiwan found
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that Cx. quinquefasciatus mosquitoes withstood winter climatic conditions while Ae.
albopictus mosquitoes experienced a population peak during the hot typhoon season in
July.13 These conclusions suggest that different stages of the rice cultivation process
have diverse consequences on each mosquito species’ abundance, so it is necessary
to consider time and each species’ natural history for controlling mosquito populations in
rice agroecosystems.
Most contributions to literature considering the mosquito population in Florida
have focused on those inhabiting artificial containers situated in developed areas. In
many Florida counties, the Eastern tiger mosquito Aedes albopictus (Skuse) became
well-established in flower-holding containers in urban cemeteries before being
discovered in local waste tire piles.14 The dissemination of Ae. albopictus mosquitoes
throughout Florida was associated with a significant decimation of the yellow fever
mosquito Ae. aegypti (L.) population,15 as Ae. albopictus mosquitoes have been found
to be superior resource competitors across several different types of detritus 15 and
larval densities, to possess generalist blood-meal host preferences, and the ability to lay
eggs across a wider range of landscapes than Ae. aegypti.16, 17 Nonetheless, Ae.
aegypti mosquitoes have persisted and coexist with Ae. albopictus mosquitoes in
southern Florida, in part due to competition-mediated spatiotemporal habitat
partitioning—evidence indicates that Ae. albopictus is predominant in rural or
undeveloped areas during the early wet season (June) whereas Ae. aegypti is restricted
to urban zones and has a lower rate of abundance increase than Ae. albopictus in
June.17, 18, 19 One study revealed that Ae. albopictus excluded Ae. aegypti from waste
tires in a wooded study site in Florida that was similar to the study sites in this

4

investigation.16 However, that study concentrated on studying the mechanisms by which
Ae. albopictus mosquitoes may have caused declines in the Ae. aegypti population.
None of the aforementioned research has examined the geo-spatiotemporal distribution
and abundance patterns of mosquitoes inhabiting waste tires in sylvan landscapes in
Florida.
Studies of mosquitoes occupying discarded automobile tires the United States
have failed to track temporal population fluctuations, as collections were often done just
a handful times over a few months. For instance, tire dumps in Connecticut were
surveyed for larvae from June to October of the same year to obtain information on the
variety and relative abundance of mosquito species in these dumps. Relative
abundance was categorized as either “scarce” or “abundant” and the sole
environmental factor accounted for in this study was whether the tire was shaded or
exposed.20 Another survey executed in Illinois likewise aimed to contrast the species
composition and abundance of mosquito larvae between tires at woodland edge and
open tire dump sites. That study also intended to examine the variation in species
composition from year to year, but did so by comparing their findings from before and
after tire removal from the dump. Just three collections were made: one in September
before tire removal and two after tires were removed in the following June and August.21
The lone study of mosquitoes in waste tires in Florida was conducted for understanding
distribution patterns of mosquitoes and their predators in relation to a tire’s properties
such as facing direction and amount of water contained within it.22 The study was able
to assess the effects these characteristics had on larval density, but as there was no
temporal component to the study, these parameters may not retain their significance
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over time. Beier et al.23 considered water chemical parameters and environmental
factors that may regulate mosquito community composition patterns, but also failed to
provide an description of the landscape beyond “shaded” and “exposed,” sampled from
June to July, and estimated the relative amount of substrate present in a tire based on
visual inspection rather than an empirical enumeration. Finally, one study conducted in
Argentina scrutinized various environmental factors to identify which were connected
with the presence or absence of flies (Insecta: Diptera) in waste tires found in urbanized
areas.24 However, tire characteristics were not quantified and the mean number of
larvae collected per tire was utilized to analyze the effect the explanatory variables had
on fly species richness and diversity.
In summary, previous efforts studying mosquitoes inhabiting refuse tires have
concentrated on what environmental factors could contribute to the presence or lack of
mosquitoes in this unnatural container without serious regard to space, time, and actual
count data. Many researchers categorized rather than enumerated their covariates,
which may have increased uncertainty in their analyses and inflated the significance of
their tested variables. Vague evaluations of the vegetation cover and untrue
successional surveys limits the studies’ ability to detail the mosquito community’s
spatiotemporal successional cycle in discarded tires in relation to the biophysical
attributes within and surrounding these manmade containers. This knowledge is
essential for timing vector control efforts. These works offer ideas of what successional
patterns may be seen in this study and elements that may affect them, but do not
analyze the patterns themselves in relation to landscape and tire characteristics.
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All this information considered, it was predicted that Aedes albopictus (Skuse)
would be the most abundant mosquito in all the tires at all the study sites. However,
since the study sites differ in plant physiognomy and elevation, it was also predicted that
species richness and evenness would vary as bioenvironmental conditions became
suitable for different mosquito species to colonize and coexist with Ae. albopictus.
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Chapter Two:
Materials and Methods

Site Description
The University of South Florida (USF) Forest Preserve is a 500-acre plot of
wetland, hardwood, and sandhill habitat in Tampa, FL. Lettuce Lake and Riverfront
parks border the Preserve to the east and the USF golf course is to the west. Suburban
residences and commercial development fringe the Preserve’s northern boundaries and
Fletcher Avenue marks the southern border. The Preserve is mapped in Figure 1.
Five sites were chosen to host a “pile” of 4 discarded tires each, propped up
against standing vegetation (Figure 2). All GPS coordinates and elevation readings
were taken from a Garmin eTrex® H handheld unit. Site A is located at 28.070900°N,
82.397600°W in a low-lying area with an elevation of 11 ft. above sea level. Site B has
at the highest elevation of the 5 sites at 82 ft. and is located at 28.071267°N,
82.389650°W. Site C is situated at 28.070433°N, 82.388367°W and is set 60 ft. above
sea level. Site D is at 28.070517°N, 82.387717°W and 24 ft. Site E is at 19 ft. and
28.074733°N, 82.388950°W. This information is summarized in Table 1 and the sites
are mapped in Figure 1.
Most of the sites were hardwood hammock ecosystems featuring large Quercus
oak trees mixed in with Pinus pine trees and Serenoa saw palmetto (Figure 2). Site B
differed from the others in that it was a flat area composed of saw palmetto, grass, and
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young oak and pine trees (Figure 3). Spanish moss Tillandsia usneoides was often
found on oak and bald cypress Taxodium distichum trees from nearby cypress domes.
Tampa, FL has a humid subtropical climate with a distinct rainy season from
June to September, peaking in August. Average monthly rainfall during this time ranges
from approximately 160 mm in September to 200 mm in August. The average minimum
and maximum daily temperatures during this season are 24°C and 32°C, respectively.
The rest of the year receives an average of nearly 60 mm of rainfall per month and the
average minimum and maximum daily temperatures are 15°C and 25°C, respectively.25

Amberly Dr .

USF Golf
Course

Hillsborough
River

USF
Campus

Fletcher Ave.

N 56 th St.

Fletcher Ave.

N 50 th St.

Riverfront
Park

Lettuce
Lake
Park

Figure 1. Aerial view of the 5 sampling sites within the USF Forest Preserve. The
Preserve’s boundaries are outlined in white. Imagery source and date: modified from
Google Earth, taken on 1/17/2015.
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Figure 2. Tire set up and typical hardwood hammock environment surrounding sites A,
C, D, and E.
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Table 1. Locality descriptions of each of the 5 study sites.
Site

Latitude

Longitude

Elevation (ft.)

A

28.070900°N

82.397600°W

11

B

28.071267°N

82.389650°W

82

C

28.070433°N

82.388367°W

60

D

28.070517°N

82.387717°W

24

E

28.074733°N

82.388950°W

19

Figure 3. Pine flatwood habitat surrounding site B.

11

Sampling Procedure
Each tire was checked approximately every 2 weeks from 27 September 2014 to
19 September 2015 for the presence of fourth instar larval (L4) and pupal mosquitoes.
The older stages were chosen for sampling over collecting all of the immatures at all
stages because pathogen transmission is contingent upon the number of adult
mosquitoes that emerge more than the total number of immature mosquitoes
collected.26 Sites D and E were sampled up until 16 August 2015 and 21 August 2015,
respectively, due to flooding that made the study sites inaccessible.
Sampling consisted of submerging a dipper cup (Clarke©, St. Charles, IL) into a
tire filled with water and emptying its contents into a white sorting pan (Figure 4). Live
L4 and pupal mosquitos were pipetted into glass screw top 4 dram vials with polyseal
caps for temporary safekeeping until processing in the laboratory (described below in
Laboratory Procedure). L4 and pupal Toxorhynchites rutilus (Coquillet) were stored
individually, separate from other mosquito immatures, to prevent cannibalism and
predation.

Figure 4. Procedure for sampling of L4 and pupal mosquitoes.
12

Tire Habitat Measurements
The depth of the water within (mm) each tire and facing direction (°) of each tire
were measured prior to collection of immature mosquitoes. The depth of the water was
measured by placing a ruler into a water-filled tire, sloping the ruler as though the tire
was standing straight up (Figure 5). The facing direction of a tire was determined by
reading a compass while standing in front of a tire (Figure 6). Tires found disturbed
from their original placement were left as is. These tire microhabitat characteristics were
recorded to be included in a database that can be used to assess whether there is a
correlation with abundance/species composition of mosquitoes.

Figure 5. Procedure for determining the depth of water within a tire.

Figure 6. Procedure for determining the facing direction (°) of a tire.
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Laboratory Procedure
Collected specimens from each tire were raised to adulthood in their own
mosquito rearing container (BioQuip Products®, Rancho Dominquez, CA) placed in an
incubator set at 23.9°C with a 12 hr. light/dark cycle. Larvae were placed into a 12 dram
plastic vial (Thornton Plastics Co., Salt Lake City, UT) filled with tap water while pupae
were kept on a moist paper towel (Figure 7). Immatures in the vial were moved to the
moist paper towel upon pupation. This separation facilitated later cleaning and sacrifice
of the adults, described in the next paragraph below. Larvae were fed a ground mixture
of sand and TetraMin® tropical fish food flakes daily. Tx. immatures were placed singly
into lidded 5.5 oz plastic soufflé cups (Darnel Group®, Miami, FL) filled with tap water
(Figure 8). L4 Tx. specimens were fed copious amounts of laboratory-raised Aedes
aegpyti larvae and transferred onto a damp paper towel within their own cup upon
pupation, similar to the other mosquito immatures.
Pupae were allowed to emerge to adulthood. Adults were maintained on water
until after the last adult in an individual batch emerged. Sacrifice then occurred by
freezing the entire rearing container or soufflé cup at -80°C. All mosquitoes were
removed from the containers for processing. Processing consisted of identifying all
female mosquitoes to species according to the keys provided by Burkett-Cadena27 and
Darsie and Morris,28 enumerating them, and recording these data by site and by
individual tire. All Tx. specimens were identified to species regardless of sex.
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Figure 7. The rearing procedure as described on page 14.

Figure 8. Housing of single Tx. specimens in lidded plastic cups.
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Weather Data Collection
Daily weather conditions were recorded from Tampa Executive Airport’s (VDF)
weather station data posted on Weather Underground’s website
www.wunderground.com. Minimum, mean, and maximum temperatures (°C), humidity
(%), and amount of precipitation (cm) were noted. Information about the weather
conditions occurring on October 25-27, 2014 was obtained from Tampa International
Airport (TPA).
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Chapter Three:
Results

Sampling for immature mosquitoes confirmed the hypothesis that Ae. albopictus
was overall the dominant species at all the sites in all the tires. However, mosquito
abundance and diversity varied seasonally between the study sites so that Ae.
albopictus was occasionally displaced by other species.
The ensuing text presents the results of this successional study. The reader
should bear in mind that only adult females and all Tx. specimens regardless of sex
were identified to species whenever a particular species is discussed. For brevity, the
term “identified adults” and its variants refers to this fact from here on.

Total Species Composition
A total of 3,725 fourth instar and pupal mosquitoes were harvested throughout
the course of this study. This quantity showed vacillating tendencies, with a low number
of collected specimens throughout the autumn (September-November) and spring
(March-May). Peaks occurred during the winter (December-January) and early summer
(June) (Figure 9). 1,223 of the 3,725 emerged as adult females (or were Tx. rutilus
immatures). Ae. albopictus was the most abundant of these 1,223: 978 (80%). Next in
abundance were Tx. rutilus (80, 6%), Cx. quinquefasciatus (70, 6%), Cx. nigripalpus
(37, 3%), Cx. restuans, (27, 2%), Ae. triseriatus (19, 2%), Ae. aegypti (9, 1%), and Or.
signifera (3, 0%). This information is summarized in Figure 11. Figure 10 shows that
17

Ae. albopictus was seen year-round in the Preserve, whereas other species were seen
just a few times in the study. An exception to this was Tx. rutilus, though less abundant
than Ae. albopictus.
Evaluating the successional patterns of mosquitoes inhabiting vehicle tires at the
landscape level is inadequate for understanding vector ecology in natural subtropical
swamps, as these ecosystems provide many microhabitats for mosquito proliferation.
Therefore, analyzing ecological succession at the site and individual tire levels may
reveal substantial fluctuations in mosquito species evenness and abundance over time.

Species Composition by Site
Mosquito abundance and species composition at each site oscillated over time.
Nonetheless, Ae. albopictus was present at all of the 5 study sites, albeit in various
quantities.
Ae. albopictus was the most prevalent species produced by Site A. Site A
produced 1,095 L4 and pupal mosquitoes, of which 441 were females that emerged to
adulthood successfully. Mosquito productivity spiked in the early autumn (October),
early winter (January), and midsummer (June) and remained relatively stable
throughout the spring (May-early June). An exception occurred in late May when Tx.
rutilus prevailed at Site A (Figure 13). In comparing the number of immatures collected
(Figure 12) and emerged females of each species (Figure 13), it was determined that
at least half of the harvested specimens from over half of the collections emerged as
adult females. The site produced 5 different species: Ae. albopictus (366, 83%), Cx.
quinquefasciatus (36, 8%), Tx. rutilus (28, 6%), Ae. triseriatus (9, 2%), and Ae. aegypti
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(2, 1%). The aforementioned overall species composition of Site A is summarized in
Figure 22. Site A held the record for the most number of Tx. rutilus produced and most
number of specimens found in one collection event (7, in late May). Evidence of
temporal variation was observed when the Ae. albopictus population was decimated by
the predator Tx. rutilus during the winter (December), spring (May), and summer
(September 2015), one time each. When Tx. rutilus was present, the population
numbers of the other species swelled in comparison to when Tx. rutilus was absent. Cx.
quinquefasciatus overran Ae. albopictus while Tx. rutilus was present at the site in the
spring (March-April). Ae. triseriatus cohabited with Ae. albopictus in the winter (January)
and summer (August), but did not outnumber Ae. albopictus during those times. In
summary, Ae. albopictus was the most numerous species at the site throughout the
entire sampling period, except whenever overcome by Tx. rutilus and during the spring
by Cx. quinquefasciatus.
Site B often produced fewer than 20 adult females. In all, Site B yielded 697
immatures, of which 212 emerged successfully as females. Unlike Site A, less than half
of the specimens collected did not emerge or emerged as males. Of the 212 emerged
females, Ae. albopictus constituted 195 (92%), followed in greatest abundance by Ae.
aegypti and Cx. quinquefasciatus with 5 specimens (2%) each, then Tx. rutilus (4, 2%),
and Ae. triseriatus (3, 2%). These data are summarized in Figure 23. The number of
immatures collected from Site B remained low (no more than 40) throughout the sample
period, except in October, December, and September 2015. This trend is shown in
Figure 14. Ae. albopictus wavered too, with numbers not exceeding 20 except in
October and September. An elevated number of emerged female Ae. albopictus did not
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result from the greater amount of immatures collected in December, as few of them
survived to adulthood. Moreover, Ae. albopictus cohabited with Cx. quinquefasciatus in
January and Ae. triseriatus in August. These data are depicted in Figure 15.
Disregarding the abundance shifts and periodic interspecific coexistence, Ae. albopictus
was overall the dominant species at Site B.
Quantity at Site C varied temporally like at Site B, but was more like Site A in that
other species could live with Ae. albopictus. 720 L4 and pupal mosquitoes were found
at Site C. 244 of these were emerged adult females. Ae. albopictus comprised 208
(85%), Tx. rutilus 16 (7%), Cx. quinquefasciatus 14 (6%), Ae. triseriatus 4 (2%), and Ae.
aegypti and Cx. nigripalpus each constituted 1 (0%) of these 244 (Figure 24). Like Site
B, usually no more than 20 adult females emerged from each collection. However,
unlike Site B, Site C often had at least than half of its immatures from each collection
event emerge into adult females (Figure 16). Interestingly, there were more emerged
Cx. quinquefasciatus females than Ae. albopictus in late March (Figure 17). Also, Site
C held the second place record for the greatest number of Tx. rutilus immatures found
during one collection event (5, in early May). During that time, Ae. albopictus composed
half of the emerged adult females and Cx. quinquefasciatus nearly 20%.
Site D is most comparable to Site C in its overall species composition patterns,
with Ae. albopictus predominating throughout the study. A total of 610 L4 and pupal
mosquitoes were collected from Site D, of which 131 emerged as adult females. Ae.
albopictus constituted 99 (75%) of these 131, Tx. rutilus 14 (11%), Cx. nigripalpus 10
(8%), Cx. quinquefasciatus 5 (4%), and Ae. triseriatus 3 (2%). This information is
recapped in Figure 25. Site D produced a spike in the amount of immatures collected in
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December (Figure 18), but this did not translate to more identifiable adult females, as
only 1 Tx. rutilus was produced from that collection effort. This disproportion is present
at many of the collection events (Figure 19). Site D tied with Site C for the second place
record number of Tx. rutilus immatures found during one collection event, 5 in late
March. Cx. nigripalpus was dominant over Ae. albopictus in October, with only emerged
adult female. In conclusion, Site D mostly yielded Ae. albopictus, but never resulted in
more than 20 adult females.
Site E was the most diverse of the study locations (Figure 21). 603 mosquitoes
were collected from Site E, of which 194 emerged were identified as 7 different species,
Ae. albopictus composed 110 of these (57%), Cx. restuans 27 (14%), Cx. nigripalpus
26 (13%), Tx. rutilus 17 (9%), Cx. quinquefasciatus 10 (5%), Or. signifera 3 (2%), and
Ae. aegypti (2, 0%). This is portrayed in Figure 26. Site E showed an undulating trend
in the number of immatures collected from it: fewer than 5 specimens were collected in
the first 2 months of the study and remained low until early spring (February-March),
after which the number fell, then rose again in May (Figure 20). Less than half of the
collections had half its immatures emerge as adult females. Though Ae. albopictus was
the most numerous, other species completely dominated and existed together for about
half of study period.

Species Composition by Individual Tire
Every single tire within a study site displayed idiosyncratic successional trends.
Here, only the tires at Site A will be discussed, as it generated the most immature
mosquitoes and adult females out of the 5 sites. One tire at Site C remained dry. Sites
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D and E were inaccessible due to flooding in August-September 2015 (Figures 18-21).
Therefore, the tires at Site A provide the best overview of the distinctive population
patterns seen in this study. The R2 value correlating the average amount of rainfall
(mm) that occurred between consecutive collection events (including the day of
collection) and collection date was 0.2758 (Figure 27).
Tire A1, which faced northeast, produced 420 L4 and pupae. 172 of were
identifiable adult females: 149 Ae. albopictus, 14 Cx. quinquefasciatus, 6 Tx. rutilus, 2
Ae. triseriatus, and 1 Ae. aegypti.. Overall, Tire A1 (Figure 27) followed the same
abundance tendencies as the site considered as a whole (Figure 12). Successional
patterns between this tire and the overall site also resembled each other. For instance,
the number of immatures collected declined when Tx. rutilus were found (Figure 28).
Furthermore, Ae. triseriatus appeared from Tire A1 just once during the research period,
in the early winter. Like in the overall site, Ae. triseriatus lived without decimating Ae.
albopictus. Moreover, Cx. quinquefasciatus eliminated Ae. albopictus from the tire in the
early spring (April). However, that dominance was fleeting, as Ae. albopictus
reestablished itself and Cx. quinquefasciatus was reduced and coexisted with the prior
throughout the summer (June-August). R2 for the correlation between the amount of
water (mm) found in the tire during each collection effort and the date of collection was
0.0453 (Figure 28).
Tire A2 accounted for many of the successional patterns observed at Site A
towards the end of the study (Figures 12-13). Tire A2 composed most of the peak in
mosquito abundance for the whole site in the autumn (Figure 29) and was responsible
for the Ae. triseriatus seen at Site A during the summer (Figure 30). In addition, Tire A2
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held the record for the most Tx. rutilus specimens acquired during one collection event
was (6, in late May). Interestingly, in the middle of the study during the spring (MarchMay) when water levels in the tire were low, only Tx. rutilus L4 and pupae were found.
The R2 value of the correlation between water level (mm) in the tire during each
collection effort and the date of collection was 0.0425. In summary, Tire A2 was facing
north and produced 291 immatures, from which 97 Ae. albopictus, 16 Tx. rutilus, and 7
Ae. triseriatus emerged.
Tire A3 yielded specimens mainly in the middle of study, from January to July
(Figure 31). R2 for the correlation between water level and collection date was 0.0789.
221 L4 and pupal mosquitoes were found in the tire, which was oriented west until 17
June 2015, on which the tire was found lying supine. Like the overall trend seen in the
analysis of the entire site, Ae. albopictus to tended to dominate in Tire A3 exhibited the
of, with few other species living alongside it (Figure 32).
Tire A4 was least prolific and diverse of the 4 tires at Site A. This tire was
directed southeast and produced 155 L4 and pupae of only 2 species: 48 Ae. albopictus
and 17 Cx. quinquefasciatus. The bulk of the collections at Tire A4 occurred in the
spring and early summer, from March to June (Figure 33). Unlike the other 3 tires at
Site A, Cx. quinquefasciatus was able to occupy Tire A4 without sharing it with Ae.
albopictus for more than one collection event (Figure 34). After that, Ae. albopictus
prevailed. The squared correlation coefficient value for the association between water
level (mm) in the tire and collection date was 0.1039. The amount of water in Tire A4
remained low (around 20-40mm) throughout the study (Figure 34).
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Table 2. Legend key for figures 10, 11, 13, 15, 17, 19, 21-26, 28, 30, 32, and 34. Only emerged female mosquitoes were
identified to species, except for Tx. rutilus, which were identified regardless of sex.
Aedes aegypti (L.)

Culex restuans Theobald

Aedes albopictus (Skuse)

Orthopodomyia signifera (Coquillett)

Culex nigripalpus Theobald

Toxorhynchites rutilus (Coquillett)

Culex quinquefasciatus Say

*

Figure 9. Amount of L4 & pupal mosquitoes collected from
all of the study sites by date

No sample taken

Figure 10. Mosquito diversity seen at all of the study sites by
collection date.
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Figure 11. Overall mosquito species makeup of all of the study sites.

Figure 12. Amount of L4 & pupal mosquitoes collected from Figure 13. Mosquito species diversity by collection date,
Site A by date.
Site A.
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Figure 14. Amount of L4 & pupal mosquitoes collected from Figure 15. Mosquito species diversity by collection date,
Site B
Site B by date.

Figure 16. Amount of L4 & pupal mosquitoes collected from Figure 17. Mosquito species diversity by collection date,
Site C by date.
Site C.
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Figure 18. Amount of L4 & pupal mosquitoes collected from Figure 19. Mosquito species diversity by collection date,
Site D by date.
Site D.

Figure 20. Amount of L4 & pupal mosquitoes collected from Figure 21. Mosquito species diversity by collection date,
Site E by date.
Site E.
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Figure 22. Overall mosquito species
makeup, Site A.

Figure 23. Overall mosquito species
makeup, Site B.

Figure 25. Overall mosquito species
makeup, Site D.

Figure 26. Overall mosquito species
makeup, Site E.
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Figure 24. Overall mosquito species
makeup, Site C.

Figure 27. The number of immature mosquitoes collected from Tire A1 in relation to
average rainfall.†
*Average rainfall (mm) refers to the amount of rainfall (mm) between consecutive
collection events, including the day of collection (e.g., the average for 11 March 2015
included the amount of rainfall from 20 February to 11 March 2015). Average rainfall for
27 September 2014 included rainfall from one week prior. R2 of the correlation between
the average rainfall and collection date = 0.0453. This note applies to Figures 24-30.

Figure 28. Tire A1 species composition by date. R2 of the correlation between the
amount of water in the tire and collection date = 0.0453.
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Figure 29. The number of immature mosquitoes collected from Tire A2 in relation to
average rainfall.†

Figure 30. Tire A2 species composition by date. R2 of the correlation between the
amount of water in the tire and collection date = 0.0425.
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Figure 31. The number of immature mosquitoes collected from Tire A3 in relation to
average rainfall.†

Figure 32. Tire A3 species composition by date. R2 of the correlation between the
amount of water in the tire and collection date = 0.0789.
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Figure 33. The number of immature mosquitoes collected from Tire A4 in relation to
average rainfall.†

Figure 34. Tire A4 species composition by date. R2 of the correlation between the
amount of water in the tire and collection date = 0.1039.
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Chapter Four:
Discussion

Each mosquito species found in this study brings a unique disease risk with it.
The generalist blood-feeding habits of Ae. albopictus enables it to bridge West Nile virus
(WNV) between animals and humans.29, 30 Therefore, the wildlife and people in Florida
are at risk of contracting a zoonotic pathogen that is highly fatal to several bird,
mammal, and reptile species31 and may cause death in humans. Cx. quinquefasciatus,
Cx. restuans, and Cx. nigripalpus have also been instigated as probable enzootic
maintenance and epidemic/epizootic vectors of WNV.32 Other disease risks include St.
Louis encephalitis and La Crosse encephalitis, their etiological agent transmitted by Cx.
nigripalpus in Florida and Ae. triseriatus, respectively.33
Understanding the succession ecology of mosquitoes across different landscape
classifications is paramount for understanding spatiotemporal shifts in pathogen
transmission dynamics.34, 35, 36 The empirical environmental data collected during this
study will allow for the development of spatiotemporal, cartographic transmission risk
forecasting models.37, 38, 39 Also, a spectral bio-signature of a known, productive habitat
may be generated, by which unidentified prolific waste tire habitats in swamps may be
geo-located.40, 41 Thus, enacting habitat-based larval interventions (i.e., waste tire
removal and site-specific control efforts) prior to disease outbreaks will be more
feasible.42, 43 This research will make an important contribution to our knowledge on the
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impact of land cover attributes on seasonal mosquito population dynamics and
pathogen amplification events plus serve as the biological basis to applicable
computational tools that will assist public health and conservation efforts.
Since this work is concerned with zoonotic pathogens, understanding animal
behavior is vital to understanding pathogen dissemination across environmental
gradients. Hence, subsequent work should track wildlife movement into fecund
mosquito habitats in order to demarcate transmission foci44, 45 and robustify a
transmission risk forecasting model.

Sampling Considerations
The successional patterns observed here are limited by the frequency of
sampling. Collection occurred approximately every two weeks, which missed some
surges of certain species. In addition, the sampling technique avoided mosquitoes that
prefer larger bodies of water, including many Anopheles species. Nonetheless, a
handful of An. larvae were collected, but none survived to adulthood. An. larvae feed on
the water’s surface, whereas Ae. and Cx. larvae are benthic feeders. Therefore, the
laboratory rearing method, where the ground fish food was deposited onto the bottom of
the rearing container, hindered the survival of An. larvae to adulthood. The sampling
and laboratory rearing methods may have also augmented the survival of third instar
larvae, which were not the target group. Finally, shifts in water chemistry and data on
detritus and water flow into and out of each tire was not collected, thus forbidding a
proper assessment of how those factors affected mosquito population dynamics at the
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microcosmic level. Future studies should conduct quantitative experiments in semi-field
conditions to determine habitat associations and community dynamics in tires.
Regardless of these shortcomings, this study is the first to address mosquito
species composition and abundance patterns from discarded automobile tires in a
subtropical swamp. This information is vital for comprehending invasions and vector
expansion into new areas via waste tires.

Life History Traits
Biological characteristics unique to each species play a role in ecological
succession. O’Meara et al. found that Ae. albopictus expelled Ae. aegypti in rural and
peri-urban settings.18 This is explained by the propensity of Ae. albopictus to blood-feed
on wild mammals whereas Ae. aegypti prefers human blood.46 The domestic Ae.
aegypti was found at the beginning of the study, but may have been from the tire shop
that donated the tires used in this study. The rarity of Ae. aegypti in this study could also
be explained by the species being adapted to a specific habitat not in the Preserve47—a
populous, urban zone. Ae. albopictus and Ae. aegypti have spread worldwide thanks to
their ability to colonize man-made containers. However, Ae. albopictus is able to inhabit
a wider range of habitats due to its cold-resistant eggs.48
Tx. rutilus immatures are found in tree cavities and many kinds of artificial
containers.49 The flight range of adults is short,50 so the presence of Tx. rutilus in this
study depended on the proximity of tree-holes to a waste tire.51 Palm and conifer trees,
such as pine and cypress, are less likely than oak trees to possess rot cavities. Site B
consisted of pine and saw palmetto, so the scarcity of Tx. rutilus at Site B may be
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attributed to the lack of tree holes. Additionally, Tx. rutilus has asynchronous
generations, can adjust its feeding behavior in low-prey densities, and diapauses as
larvae to survive during the winter.50, 51 This explains its year-round availability.
Whenever Tx. rutilus was found in a tire, there was normally a single specimen, as
larvae often cannibalize in small containers.51
Cx. quinquefasciatus inhabits artificial containers holding fetid water. Cx.
nigripalus are more flexible, able to live in clean or polluted water held in ditches, grassy
and woodland pools, and artificial containers.49 Larvae and adults of both species may
be found throughout the year in Florida.50 Thus, their appearance in the middle of the
sampling year (January – June) may reflect how foul the water in a tire was at that point
in time. Like Cx. nigripalpus, Cx. restuans can found in a variety of aquatic habitats and
is most abundant in the spring and early summer. The seasonality of Cx. restuans
explains why it was only seen in February and March. However, Cx. restuans was found
only at Site E, the most diverse of the five. Female Cx. restuans prefer ovipositing in
nutrient-rich containers52 and blood-meals from birds.50 Plots near the entrance to the
Preserve have been burned for prior studies, so Site E, which was furthest away from
the Preserve entrance, may have been the least disturbed of the sites and could offer
the best conditions available for Cx. restuans reproduction.
Ae. triseriatus is a common treehole-breeding mosquito that is sometimes found
in artificial containers.49 Abundance peaks occur in May-September, which explains why
many Ae. triseriatus specimens were found at all of the sites (excluding Site E) in
August. Interactions with the invasive species Ae. albopictus may support why Site E
was devoid of Ae. triseriatus (see Interaction Effects below).
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Similar to Cx. restuans, Or. signifera was found only at Site E. It mainly inhabits
water-filled rot cavities, but has been reported in urban waste tire lots in the Midwestern
United States.53, 54 In this study, Or. signifera was only found in February and July. Its
appearance in February reflects the species’ ability to pass the winter as larvae.50 Or.
signifera was regularly collected from June to October in Alabama tire lots.54 This
finding and the discovery of this species in July during this study suggest that it may be
present in Florida year-round, though more evidence is needed to confirm this.
Additionally, Or. signifera females prefer avian blood, so Site E may have been able to
support a substantial population of birds.

Interaction Effects
The prominence of Ae. albopictus in this study confirms many prior conclusions
that that this species outcompetes others in a wide range of settings. O’Meara et al.
found that Ae. albopictus expelled Ae. aegypti in rural and peri-urban settings, but did
not elaborate on possible mechanisms that drove this separation. 18 Ae. aegypti’s
penchant for human blood-meals and manmade habitats explains the infrequency of its
occurrence in the Preserve.
The ubiquity of Ae. albopictus can be explained by the ecological principle of
displacement, which dictates that if two species share a similar niche, one will displace
the other and become the dominant of the two. The dominant species must have
features that allow it to have a higher rate of multiplication than the other species.7 For
example, Ae. albopictus has been shown to prosper in a tire environment with intense
resource competition amongst conspecifics and other species.16, 55 The species resists
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interspecific competition effects based on the type of detritus in their environment. 15
Also, adult females are aggressive, opportunistic biters,46 which allows them to
reproduce in the absence of their preferred mammal blood-meal hosts. These
advantages enable Ae. albopictus to outcompete container species similar to it, such as
Ae. triseriatus,55 Ae. aegypti, and Or. signifera, in a wide variety of habitats most of the
time in this study.
Ae. albopictus was overall the most abundant mosquito throughout this study, but
was superseded by different mosquito species in some of the tires at most of the sites
from March to May. The sporadic coexistence and dominance of other species over Ae.
albopictus may be due to condition-specific competition. For instance, Cx.
quinquefasciatus abundance was revealed to be lower in the late (September) versus
early rainy season (June) in Tampa, FL, but Ae. albopictus displayed the opposite
trend.19 This study does not confirm that finding at the Preserve level. Rather, overall
Ae. albopictus numbers rebounded to its approximate original state in the early wet
season after a decline in late August and early September (Figure 10). At the site and
individual tire levels, Cx. quinquefasciatus and Ae. albopictus exhibited the
aforementioned abundance trend. Also, Site C, unlike sites A and B, revealed that
another species besides Ae. albopictus may dominate without eliminating the latter
when there were more emerged Cx. quinquefasciatus females than Ae. albopictus in
late March. The ability of these two species to flux like this may be attributed to a patchy
environment that prevents exclusion of a lesser competitor.17 Therefore, concomitance
and temporary dominance by species other than Ae. albopictus may be a mediated by a
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combination of shifting abiotic factors that encourage condition-specific competition and
by the effects of more permanent landscape features.
Tx. rutilus was next in abundance after Ae. albopictus, indicating that the
predator played a significant role in suppressing prey populations. Tx. rutilus exploits
larger mosquito immatures.51 Thus, collection events that had only Tx. rutilus must have
had an influx of prey beforehand. This is vital when more than one Tx. rutilus specimen
was harvested from one individual tire, as the predators are often cannibalistic if no
other prey is present. Cx. quinquefasciatus coexisted with Tx. rutilus larvae more often
than Ae. albopictus did at the site level, so the former may have had condition-specific
advantages over Ae. albopictus in the spring (March-April). Furthermore, Ae. albopictus
rebounding after Tx. rutilus was collected suggests that Ae. albopictus is predator-prone
and poorly cohabitated with it in comparison to the other species found with Tx. rutilus.
This suspicion concurs with the discovery that Ae. albopictus larvae in North America
lack anti-predation behavior, which made it more vulnerable to feeding by the predatory
midge Corethrella appendiculata Grabham than the native Ae. triseriatus.56, 57 Hence,
the low emergence rates may be attributed to the direct consumptive and indirect nonconsumptive (i.e., an energy trade-off between predator avoidance and foraging) effects
of Tx. rutilus on prey mosquito larvae.58

Environmental Inputs
Mosquito abundance and diversity are limited by the resources available.
Differences between tires at the same site may be explained by subtle micro-habitat

39

variations. These factors may include microclimate, water input, and differential
availability of nutrients.

Microclimate
Mosquito community composition varied at the individual tire level, signifying that
evaluating the ecological succession of mosquitoes in waste tires requires study of
possible contributive microclimatic factors.
Cx. quinquefasciatus and Ae. aegypti raised in the laboratory commonly have
smaller body sizes and lower survival to adulthood when under constant high
temperatures (30-34°C).59 Additionally, the lethal threshold for Ae. albopictus and Ae.
aegypti eggs from cemetery vases was discovered to be around 40°C, supporting the
idea that climate-driven egg mortality may contribute to patterns of exclusion and
coexistence.60
Canopy cover may be buffering the effects of heat to allow more optimal
conditions for mosquito propagation, which may justify why previous studies have found
more larvae in shaded tires than unshaded.20, 23, 24, 61, 62 One effect of shade is the
deceleration of water evaporation. Complete drying in combination with high
temperatures is deleterious to adult production, but water level fluctuation due to
variation in precipitation input and evaporation output has little effect on mosquito
survival.63 This agrees with the finding in this study that there was little connection
between mosquito generation, rainfall, and the amount of water present in a tire (see
Water below).
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In conclusion, the effects of temperature on development rate and the
consequent ecological succession of mosquitoes are neither homogenous nor
constant.64 Rather, vegetation cover type seems to play a major role in moderating the
effects of temperature on water levels and microbial communities in a container.

Water
The correlation between the collection date and average amount of rainfall
between successive collection dates was low (R2 = 0.2758), which indicates that the
variation in average rainfall was not well explained by the date. This outcome deviates
from the seasonal precipitation patterns described in the Materials and Methods
section, page 9. Furthermore, since high mosquito counts occurred when average
rainfall was low (Figures 27, 29, 31, and 33), the correlation between the average
amount of rainfall (mm) and number of immatures collected was considered to be low.
Seasonal rainfall trends alone do not explain the abundance patterns observed in this
study.
The water level (mm) and number of L4/pupal mosquitoes collected from an
individual tire were not highly correlated (Figures 28, 30, 32, and 34). Also, the low R2
values in those figures confirm that the amount of water (mm) in an individual tire was
not well explained by the collection date. This may be due to the round shape of
automobile tires, which enables water to pool and avoid evaporation. Therefore, water
level in a tire would fluctuate irregularly. Furthermore, a high amount of water (mm) in a
tire did not always yield more identifiable specimens, so it was determined that there
was little connection between those two variables. The low correlations of average
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rainfall (mm) and the amount of water (mm) in a tire with mosquito production suggest
that other environmental factors are more important in determining abundance and
diversity.

Detritus
The type and amount of detritus that landed in an individual tire affects mosquito
growth. Fish and Carpenter found that rapidly degrading leaf litter supports greater
mosquito growth than slowly decaying leaf litter.65 This may explain why Site B,
consisting of pine and saw palmetto, generated relatively few mosquitoes in comparison
to the other 4 study sites. Pine detritus has been shown to be of lower quality since it
decays slowly.15 Saw palmetto is similar and thus provided a poor environment
unconducive to larvae reaching adulthood. Moreover, a film was often observed on the
water within tires at Site B, which may have impeded mosquito colonization by
restricting access to atmospheric oxygen.51 Interestingly, oak is not significantly different
from pine in decay rate and ability to sustain larvae to adulthood,15, 65 yet sites A, C, D,
and E, surrounded by oak trees, yielded many mosquitoes. This disparity may be due to
the greater ability of oak to provide shade and organic matter into the tires,20 whereas
short pine trees and saw palmetto plants cannot shield tire environments from the
negative effects of direct sunlight and provide less detritus material.
Leaf detritus mass was found to be positively correlated with the area of a treehole entrance,66 so larger tires in this study can be expected to hold more detritus. In
turn, larger tires may be able to support greater mosquito growth. This study did not
support that thought, as the largest tires at Site E did not produce the greatest number
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of mosquitoes. However, if detritus levels were indeed important, more mosquitoes
would compete for microbial nutrients, which may be diluted when there is a high
amount of water in a tire.9
High immature mosquito abundance may also be attributed to flowering tree
density.67 The plants surrounding a study site may act as sources of nectar for adults.
Thus, the peaks in mosquito abundance and emerged female yield seen in the spring
and summer (March-July) may have been related to plant flowering. However, many of
the collections did not yield many emerged adult females despite a high number of
immatures collected. This may be explained by a bias towards males as larval density
increases.57 Males have lower nutritional requirements than females, so are better
competitors in nutrient-poor settings.
Flushing may explain why rainfall and the amount of water in a tire were not
highly correlated with mosquito productivity. When a container overflows, detritus may
enter or exit, which reduces bacterial abundance.9 This may first decrease the number
L4 and pupal mosquitoes harvested during each collection, but flushing will keep the tire
ecosystem in primary production. Consequently, mosquito productivity may increase as
competing immatures are eliminated and nutrient supplies are replenished. Flushing
may also explain why many of the Cx. species did not persist, as they are considered a
later successional species owing to their preference for foul water. The ability of a
species to resist flushing regardless of container position provides an advantage in
times of heavy rainfall.68
In summary, the detritus type available at a site has crucial impacts on nutrient
composition and mosquito abundance in waste tires.15, 69, 70 Therefore, further
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examination into the influence of external inputs is necessary in order to predict
mosquito production and differences in species assemblage.
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